ABSTRACT Amplitude-modulated phosphorescence/microwave double-resonance (AM-PMDR) spectra are reported for complexes of methylmercury(II) cation, designated CH3Hg(JI), with tryptophan and glyceraldehyde-3-phosphate dehydrogenase (GPDHase; from rabbit muscle). Wavelength shifts are observed in the AM-PMDR spectra of CH3Hg(II)-tryptophan, which are obtained by microwave pumping in distinct zero-field D + E magnetic resonance transitions, demonstrating that AM-PMDR can be used to display selectively the phosphorescence spectra ofstructurally distinct complexes with different zero-field splittings. The AM-PMDR spectra accurately represent the phosphorescence of CH3Hg()-tryptophan. Binding of CH3Hg(ll) to a cysteine site of GPDHase perturbs the luminescence of one of the two optically, resolved tryptophans. The AM-PMDR spectrum of the perturbed tryptophan is obtained by microwave pumping of the D + E magnetic resonance signal, which can be observed optically only in the presence of a heavy atom perturbation. The resulting spectrum is broadened and shifted to the blue relative to the corresponding tryptophan phosphorescence spectrum of the uncomplexed enzyme. Comparison .of the AM-PMDR spectra of CH3Hg(II)-tryptophan and CH3Hg(I)-GPDHase suggests that there are differences in the mechanisms of heavy atom perturbation-in these complexes.
GPDHase perturbs the luminescence of one of the two optically, resolved tryptophans. The AM-PMDR spectrum of the perturbed tryptophan is obtained by microwave pumping of the D + E magnetic resonance signal, which can be observed optically only in the presence of a heavy atom perturbation. The resulting spectrum is broadened and shifted to the blue relative to the corresponding tryptophan phosphorescence spectrum of the uncomplexed enzyme. Comparison .of the AM-PMDR spectra of CH3Hg(II)-tryptophan and CH3Hg(I)-GPDHase suggests that there are differences in the mechanisms of heavy atom perturbation-in these complexes.
Optical detection of triplet-state magnetic resonance (ODMR) has been used for several years for the investigation of biologically interesting molecules, including proteins and nucleic acids (1) . In typical experiments, phosphorescence of the sample (cooled to below liquid helium temperature) is monitored while the zero-field magnetic resonance transitions are simultaneously irradiated with microwaves. Triplet sublevel population shifts induced by resonant microwaves generally result in an optical response because of differences in the kinetic and radiative properties between the sublevels. A rather neglected ODMR method as far as the application to biological molecules is concerned -is amplitude-modulated phosphorescence/microwave double resonance (AM-PMDR) (2) . In this method, a zero-field ODMR signal of the sample is first located by monitoring the total phosphorescence emission (or a selected part of it, such as the 0,0-band). The microwave frequency is then fixed at resonance, with amplitude modulation (AM) at frequencyfo. The detection wavelength, dispersed by a monochromator, is swept through the phosphorescence region, and the component atfo is selected by a coherent detector. t AM-PMDR can be used to discriminate between competing chromophores if the microwave frequency is chosen to correspond. to. an ODMR signal of only one of them. In this way a component at fo will be present only in the luminescence of the molecule of interest.
We have found. (5, 6 ) that the methylmercury(II) cation, designated CH3Hg(II), which binds to the a-nitrogen atom oftryptophan (7), leads to a heavy atom effect on the indole chromophore. Based on the crystal structure of the analogous tyrosine complex (8) , which also exhibits a heavy atom effect (9) , the structure is folded, bringing the Hg atom into contact with the fr-electrons ofthe aromatic ring. The highest frequency (D + E) ODMR transition of tryptophan normally is not observed because both of the triplet sublevels involved in this transition decay radiationlessly. In the CH3Hg(II)-tryptophan complex, on the other hand, the heavy atom effect induces radiative processes in these sublevels, and a D + E ODMR signal appears (5, 6) . The region of the D + E signal is resolved into several peaks that vary between 4.23 and 6.6 GHz (6), indicating structural variations in the complexes.
CH3Hg(II) is known to bind tightly to accessible sulfhydryl residues in cysteine-containing proteins (10) . The binding can be limited to sulfhydryls by introducing CH3Hg(II) as the iodide or bound to a sulfur-containing ligand such as mercaptoethanol (7) . In a previous investigation (11), we reported a specific Hg(II)-tryptophan interaction in rabbit muscle glyceraldehyde-3-phosphate dehydrogenase (GPDHase) when CH3Hg(II) was complexed with the accessible cysteines of the enzyme. Of the two optically-resolved tryptophan phosphorescence spectra of GPDHase, one remains unperturbed upon binding CH3Hg(II), whereas the second undergoes broadening and a drastic reduction of its phosphorescence lifetime. The appearance of a tryptophan D + E ODMR signal in the complexed-enzyme is also diagnostic of the heavy atom effect.. Because the spectrum ofthe unperturbed tryptophan is still present, it is difficult to deduce the underlying spectrum of the perturbed tryptophan.
In this communication, we report the resolved AM-PMDR spectra of CH3Hg(II)-tryptophan, which are obtained by microwave pumping in distinct D + E transitions, and also the AM-PMDR spectrum of the perturbed tryptophan of rabbit GPDHase. This is a novel use ofAM-PMDR to separate interfering spectra of triplet states in a biopolymer. The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. by using the apparatus as described (11) . Phosphorescence spectra were recorded at 4.2 K, whereas AM-PMDR measurements were made at the pumped He temperature, 1.1-1.2 K.
For the phosphorescence measurements, we utilized a rotating can shutter with a dead time of 0.8 msec, whereas AM-PMDR spectra were obtained by monitoring the total luminescence.
In the AM-PMDR measurements, the microwave frequency was modulated at 2-3 kHz over the inhomogeneously broadened ODMR transition to improve the sensitivity. The microwave amplitude was modulated at a lower audio frequency by using a PIN diode modulator. The output ofthe audio oscillator also was used as a reference signal to drive an Ortec model 94L2A phase-sensitive detector. The intensity of the AM-PMDR spectrum was found to vary with the AM -frequency in agreement with previous observations (12) . The microwaves were amplified to an average power of 500 mW before being applied to the sample through a coaxial line inserted into the Dewar flask. The sample, contained in a 1-mm Suprasil quartz tube, was inserted into a copper helical slow-wave structure that terminated the line. The sample was optically pumped at 300 nm (16-nm band-pass) using the filtered outputofa 100-W highpressure Hg arc. The luminescence was passed through a McPherson model 2051 1-m monochromator with 2.5-nm slits and was detected with a cooled EMI model 9789QA photomultiplier. The photocurrent was amplified by a Pacific Photometrics model 124 photometer having a risetime of 150 Usec and-subsequently was fed to the phase-sensitive detector. The output signal was filtered and finally sent to a Nicolet model 1072 signal averager. For signal averaging, the monochromator was swept through the tryptophan phosphorescence region at 20 nm/min (except as noted) by using a GCA/McPherson model 786 digital scan controller that was calibrated with a lowpressure Hg lamp. Output pulses from the scan controller were also used as a trigger source to advance the signal averager channels synchronously with the wavelength scan. At the end of-each complete wavelength scan, a home-built retroscanner returned the monochromator to the starting wavelength in preparation for -the next one. Phosphorescence spectra were not signal-averaged, but a single scan was stored in the signal averager by coupling the output of the photometer amplifier directly to the signal averager through a 1-sec resistance-capacitance filter.
RESULTS The phosphorescence spectra of tryptophan and -the complex CH3Hg(II)-tryptophan are seen in Fig. 1 (spectra A and B,  respectively) . Under the conditions of sample preparation, the tryptophan is essentially all in the form of the complex (5, 6) (Fig. 1 , spectra C and D, respectively). Both spectra resemble the phosphorescence spectrum of CH3Hg(II)-tryptophan closely. The 0,0-band peaks ofthe AM-PMDR spectra are each shifted relative to the 0,0-peak of the phosphorescence, however. The 0,0-band of the AM-PMDR spectrum associated with the 4.23-GHz transition is shifted to the red to 412.4 nm, whereas that associated with the 6.6-GHz transition is shifted to the blue to 410.3 nm. We found that lower AM frequencies were required to observe AM-PMDR spectra at 4.23 GHz than were required at 6.6 GHz. The latter transition is associated with the shorter-lived complexes whose sublevel populations can respond to microwave modulation at a higher rate. We were concerned initially that the observed spectra might be caused by spurious modulation of the detected luminescence, which could originate, for instance, from fluctuations in the optical properties of the superfluid He caused by modulation of the microwave power. This possibility can be discounted, however, because the AM-PMDR spectra ob--served with different microwave frequencies were clearly distinguishable from each other and also from the phosphorescence. We also found that when the microwave frequency was moved out of the D + E signal region, no AM-PMDR spectrum was observed under otherwise identical conditions. The phosphorescence spectrum of rabbit muscle-GPDHase is given in Fig. 2 Fig. 2 (spectrum B) . The most obvious difference between this and the unperturbed GPDHase phosphorescence spectrum is the absence of the resolved bands of tryptophan 2. All of the remaining resolved bands can be assigned to tryptophan 1 by comparison with the highly resolved phosphorescence spectrum ofthe single tryptophan ofribonuclease Ti (14). The presence of short-lived components in the phosphorescence spectrum of CH3Hg(Ii)-GPDHase was attributed to the selective heavy atom' perturbation of tryptophan 2, and the absence of resolved bands in the spectrum was taken as evidence that the perturbation of tryptophan 2 is accompanied by considerable spectrum broadening (11) . Additional evidence that the shortlived phosphorescence components originate from perturbed tryptophan was the observation of a new ODMR signal at 4.5 GHz, which is in the D + E signal region of CH3Hg(II)-tryptophan. When the 4.5-GHz transition was driven in an AM-PMDR experiment, spectrum C in Fig. 2 was observed. The sharp phosphorescence peaks and the fluorescence of tryptophan 1 are absent from this spectrum, which is not, therefore, the result ofspurious modulation ofthe total luminescence. We assign this spectrum as the AM-PMDR of tryptophan 2 perturbed by sulfhydryl binding of CH3Hg(II). We suggest that it represents the phosphorescence of tryptophan 2 in the perturbed enzyme, which thereby is confirmed to be broad and relatively structureless. 
DISCUSSION
The measurements reported on (CH3Hg(II)-tryptophan show that the AM-PMDR spectra are a good representation of the phosphorescence. Furthermore, the wavelength, shifts, of the AM-PDMR spectra, which are associated with structurally distinct complexes with diferent zero-field splittings-and tripletstate lifetimes, demonstrates that AM-P-MDR can be used to selectively display the phosphorescence spectra of the components. It (11, 14) . In the CH3Hg(II)-tryptophan complexes, the D + E region is wide and structured, with peaks ranging between 4.23 and 6.6 GHz.
This large a range ofzero-field splitting is unlikely to result from Stark effects; it is probably the result of variation in spin-orbit coupling due to the proximity of the heavy .atom, as discussed above. This interpretation is supported by the observation that the triplet-state lifetime of the complex with the "normal" D + E equal to 4.23 GHz is 10 msec, whereas that of the complex with D + E equal to 6.6 GHz is reduced to 1 msec (6). On the other hand, there is relatively little dispersion in the-0,0-band maxima (ca. 2.1 nm), which suggests that Stark effect variations among the complexes are relatively small.
In earlier work (11) we suggested, arguing by analogy with the x-ray structure of lobster GPDHase (22) , that the heavy atom-perturbation in rabbit GPDHase arises from a specific interaction between tryptophan-310 and CH3Hg(II) complexed with cysteine-281. Recent measurements in this laboratory (unpublished data) show that yeast GPI)Hase, which contains serine substituted for cysteine-281, does not show a tryptophan heavy atom effect when complexed with, CH3Hg(II). This observation adds support to the assignment of the interaction that leads to the heavy atom effect in the rabbit enzyme. Based on the x-ray crystal structures of GPDHase from lobster (22) and Bacillus stearothermophilus (23) , tryptophan-310 is a buried residue whose N-H is internally hydrogen bonded with aspartic acid-293. 'These residues -are conserved in all the CGPDHase that have been completely sequenced to date [lobster (24), yeast (25) , pig (26), B. stearothermophilus (23) , and Thermus aquaticus (27) ]. The AM-PMDR spectrum of the complexed rabbit enzyme (Fig. 2 , spectrum C) is quite different in appearance from that-of the model complexes, CH3Hg(II)-tryptophan. The spectrum is significantly shifted to the blue relative to the phosphorescence of tryptophan 2 in the uncomplexed enzyme. Such a shift is expected as a result of the disruption of local interactions, which must accompany the binding of CH3Hg(II) in the vicinity of tryptophan 2. The spectrum has relatively steep onsets near 408 and 436 nm, but it is not characterized by the prominent peaks that are shown by the CH3Hg(II)-tryptophan complexes. There appears to be an enhancement of the intensity in low-frequency vibronic bands of the spectrum. Under conditions of limited resolution, this could well lead to a spectrum in which the region between theProminent tryptophan vibronic-peaks (0,0 and' ca. 0,0-1500 cm, ) is filled in to give a plateau-like appearance. It has been observed (4) that in (yr, lr*)-triplet states ofhalogen-substituted aromatic molecules, such as p-dibromobenzene, p-chloroaniline, and 2,3-dichloroquinoxaline, a significant mechanism for the radiative heavy atom enhancement is second-order vibronic spin-orbit coupling (28) that uses low-frequency halogen out-ofplane bending modes. Although ours is obviously a very different system, an analogous mechanism may be operative in the
